The corrosion inhibition efficacy of two cationic gemini surfactants with 3-azamethylpentamethylene spacer on AISI 304 stainless steel in 3 M HCl was investigated by polarisation measurements and electrochemical impedance spectroscopy (EIS). Following corrosion testing, the surface of stainless steel samples was studied by scanning electron microscopy (SEM). The results showed that the effectiveness of corrosion inhibition were up to 95 % depending on the C-chain length and the gemini surfactant concentration. The inhibitive action is due to an adsorption of inhibitor molecules onto the metal surface following a Langmuir adsorption isotherm model. The variation in the cathodic and anodic branches reveals that the surfactants tested act as mixed-type inhibitors. The highest inhibition efficiency was reached around the values of the critical micelle concentration. The results obtained from both polarisation and EIS measurements are in a good agreement.
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exhibit lower critical micelle concentration (CMC) values [4] and so much higher biological activity [5] . In terms of concentration, they are about one to two orders of magnitude more efficient compared to conventional surfactants [1, 6, 7] . Moreover, from an environmental point of view, dicationic compounds are less hazardous than monomeric ones [8] . Due to their excellent properties, gemini surfactants can have many potential industrial applications such as cleaning agents and detergents, biocides, preservatives and solubilisation agents in textile dying [7, [9] [10] [11] [12] [13] [14] . They can be also applied in nanotechnology as gene delivery agents and supramolecular solvents [15] [16] [17] . Recently, greater attention has been paid to the use of gemini surfactants as corrosion inhibitors (CIs) for metals, especially in acidic environments [18] [19] [20] [21] [22] [23] [24] . The mechanism of corrosion inhibition is based on the adsorption of surfactant molecules onto the metal surface, replacing water molecules and forming a protective film [25, 26] . The process is physicochemical. The electrostatic interactions between positively charged nitrogen atoms and negatively charged metal surface is related to physisorption [27] .
Chemisorption is connected with donor-acceptor interactions [28] . Adsorption is favourable due to the presence of electron-rich structures such us heteroatoms with unbonded electrons (N, O, S, P) [29, 30] and π electrons (benzene rings, multiple bonds) [22, 24] as these can share electrons with the free d-orbitals of metals [27] .
A key parameter for using surfactants as corrosion inhibitors is the critical micelle concentration value (CMC), a value related to the surfactant concentration when molecules start forming aggregates (micelles). Typically at this value, surfactants first adsorb onto an interface (air-water, water-metal surface) and then form micelles or multilayers. The CMC value depends on the chemical structure of the gemini surfactants. Increasing the length of the alkyl chain [31, 32] , the spacer [33] and the number of quaternary nitrogen atoms [34, 35] decrease the CMC values. Also, heteroatoms or multiple bonds changes the aggregation properties of the molecules [7, 36] . Therefore, the efficacy of corrosion inhibition can be influenced by a reasonable modification of gemini surfactant structure [22] .
Corrosion in acidic environments is a serious problem in petrochemical, marine or chemical production [37, 38] due to the use of hydrochloric acid solutions [29] for cleaning, pickling, descaling or oil well acidification [26, 39] . Every year corrosion results in huge economic losses, decreasing operation efficiency and increasing the risk of accidents [40] .
Stainless steels are widely used in industry as construction materials for piping, tanks and vessels etc, [25, 38] because of their good corrosion resistance due to the presence of a passive layer (mixed oxide layer) on its surface. Despite the good properties of stainless steel, corrosion may occur and the use of protection systems is needed [41] . One option would be
the use of cationic gemini surfactants, however, there is a lack of information on their performance as corrosion inhibitors for stainless steels.
Therefore, in this paper, the efficiency of cationic gemini surfactants with a 3-azamethyl pentamethylene spacer as corrosion inhibitors of stainless steel in 3 M hydrochloric acid is studied by electrochemical techniques and surface morphology analysis by scanning electron microscopy (SEM).
Materials and Experimental Techniques

Cationic surfactants
Gemini surfactants, 3-azamethyl-1,5-pentamethylene-bis(N-dodecyl-N,N-dimethylammonium bromide) (3N-12) and 3-azamethyl-1,5-pentamethylene-bis(N-octadecyl-N,Ndimethylammonium bromide) (3N-18) have been prepared by a method previously described in the literature [7, 42] . The chemical structure of the synthesised surfactants is presented in Figure 1 .
2.2.Stainless steel
The working electrode was made of stainless steel (AISI 304 
Surface morphology
The morphology of the 304 stainless steel surface after the corrosion test was also studied by scanning electron microscopy (SEM) using a FEI Quanta 200 operating at 20 kV and different magnifications. It is noticeable that both anodic metal dissolution and cathodic hydrogen evolution reactions were reduced by adding the inhibitors. There is a positive shift for the anodic overvoltage and the cathodic overvoltage compared to the blank solution indicating that the synthesised cationic surfactants act as mixed inhibitors. Moreover, the shape of the branches is similar to
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the plots of the blank solution which suggests the corrosion mechanism has not changed and the inhibitors act by an adsorption process onto both anodic and cathodic active sites of the surface [22] . Inhibition efficiency was obtained from the following equation (1) [39] :
Where i and i 0 are corrosion current density with and without the inhibitor respectively. The values of current corrosion density were calculated using the Stern-Geary equation (2) [21] :
From data in Table 1 it was observed that for 3N-12 IE increased with increasing concentration of the inhibitor and reaching the maximum around CMC value (1.06 mM [42] ) and the behaviour was previously noticed in literature [44] . On increasing the inhibitor concentration above the CMC, IE values for 3N-12 are quite constant indicating that a stable layer of inhibitors is formed onto the stainless steel surface. Adding additional inhibitor molecules leads to micelles formation which does not change the current corrosion density [45] . This relationship was not observed for 3N-18. The maximum was reached at 0.01 mM (92%) whereas CMC is 0.076 mM. At concentrations higher than critical micellar concentration value, IE decreases. When CMC is discussed it is important to remember that it is not a single value but it is a range of concentrations which is represented by average.
Moreover, gemini surfactants with 18 carbon atoms in a hydrophobic tail are more surface active than compounds with 12 carbon atoms which means they form micelles at lower concentrations and also adsorb onto interfaces at lower concentrations. Furthermore,
decreasing inhibition efficiency after reaching the CMC value may be attributed to a steric hindrance and repulsion due to the presence of long alkyl chains [7] . This response is similar to the mechanism of biological activity of cationic surfactants, which also relates to the adsorption onto a negatively charged cell membrane (with respect to the negatively charged metal surface). The biological activity of gemini compounds with C18 in alkyl chains is lower than for C12 due to reflexing of the alkyl chains [46, 47] .
As mentioned before, the highest inhibition efficiency for 3N-12 (95 %) was reached at 1 mM whereas for 3N-18 (92 %) at 0.01 mM. For compound with 18 carbon atoms in the alkyl chains a similar effect is reached at 100-times lower concentration than for compound with 12
carbon atoms. This is associated with micellization process. Elongating the alkyl chain decreases CMC values and that makes compounds active at lower concentrations [48] .
3.3.Electrochemical impedance spectroscopy
Nyquist impedance diagrams (after 24 hours of immersion) for stainless steel in 3 M HCl solution without and with various concentrations of the synthesised gemini surfactants are represented in Figure 5 . The plots presented exhibit a semicircular shape with a diameter reflecting corrosion resistance (larger diameter, higher corrosion resistance).
The experimental data was fitted to an equivalent circuit model ( Figure 6 ) using the ZView2 © programme. The proposed equivalent circuit consists of a solution resistance (R s ), a constant phase element (CPE-1), related to the capacitive behaviour of the inhibitor film formed on the surface of the metal, in parallel with a resistance (R in ) which is related to defects of the inhibitor film. The second constant phase element (CPE-2) in parallel with a charge transfer resistance (R ct ) is related to the interface between the solution in the defects and the metal surface. Polarization resistance (R P ) was calculated as the sum of R s , R in and R ct [49] .
CPE was used to give a more accurate fit to the experimental results by taking into account the non ideal capacitive behaviour of the system [50] . The CPE of each semi-circle was used to derive the layer capacitance (C l ) using the following equation (3) [51] :
Where n is the phase shift, (where n=1 for ideal capacitive behaviour) [52] . R is the R in to obtain the capacitance of the solution and the inhibitor layer and R ct to obtain the capacitance of the inhibitor layer and the metal. C l-1 is related to inhibitor layer capacitance and as R in 
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Where R P and R P 0 are the charge transfer resistance values with and without inhibitors for stainless steel in 3 M HCl, respectively.
Corrosion rate was calculated using following equation (5) seconds and 10 is a conversion factor to obtain the results in mm [54] . The current density was calculated from equation (2) .
The impedance parameters obtained by fitting the EIS data to the equivalent circuit, the inhibition efficiency (IE) and corrosion rate (CR) are presents in Table 2 . x is the molar ratio, the number of water molecules replaced by one inhibitor molecule.
Decrease C l values result from a decrease of the local dielectric constant and/or increase in the electrical double layer thickness, suggesting the inhibitors act by adsorption at the metal/solution interface [55, 56] In the case of 3N-18, at concentration above CMC value (C=1 mM) C l values increased due to thinning of the protective film. Figure 7 presents the evolution of the corrosion resistance with immersion time for the tested gemini surfactants.
Initially, after 1h it is suggested that there is not full coverage of the surface by the 3N-12 molecules, the highest concentration of the inhibitor is providing the highest degree of protection, due to the quicker diffusion to the surface and the highest value of R p . With continued immersion (up to 24 hours), the decrease of charge transfer resistance slows down and becomes more constant for both, 1mM and 2 mM solutions than for that of the other concentrations. However, for 3N-18, the concentration higher than CMC values is reducing the protectiveness of the metal from the beginning of the immersion (the highest charge transfer resistance was observed for 0.01 mM solution). Therefore, in the case of the 3N-18
inhibitor, the effect of the steric hindrance and repulsion due to the presence of long alkyl chains is observed from the beginning of the immersion.
The inhibition efficiency of the gemini surfactants obtained from the EIS measurements is in good agreement with the values obtained from the polarisation measurements.
Adsorption isotherm
The first step of corrosion inhibition is the adsorption of the inhibitor molecules at the metal/solution interface [22] . On this basis the data (IE) obtained from the EIS measurements have been converted to surface coverage and then fitted to different theoretical adsorption isotherms [57] . The surface coverage (θ) was calculated from equation (7) [58]:
Analysis of the results suggests the Langmuir adsorption isotherm equation (8) provides the best fitting (R 2 close to 1) for the results obtained with the inhibitors [57, 59] .
Where C is the inhibitor concentration [mol/dm 3 ] and K ads is the adsorptive equilibrium constant.
A plot of C/θ vs C is presented in Figure 8 . A linear regression was used and intercepts were determined by extrapolation. Each intercept was equal to the reciprocal of the adsorptive A C C E P T E D M A N U S C R I P T equilibrium constant (K ads ) [22] and this parameter was used to determine the Gibbs free energy (ΔG ads ) based upon equation (9) [29, 30] :
Where R is the gas constant (8.314 J mol -1 K -1 ), T is temperature (K) and the value 55.5 is the molar concentration of water. The values of K ads and ΔG ads are reported in Table 3 .
The calculated ΔG ads values are negative indicating the adsorption process is spontaneous and the range of values, between -34.49 and -48.17 kJ/mol, reveal that the process involves both physisorption and chemisorption for 3N-12 and chemisorption for 3N-18. ΔG ads > -20 kJ/mol indicates pure physisorption, the electrostatic interaction between charged inhibitor molecules and charged metal surface whereas ΔG ads < -40 kJ/mol involves chemisorption [45] .
It can be observed that the fitting in the case of the long chain inhibitor, 3N-18, is not showing perfect linearity to the Langmuir isotherm as a consequence of interactions between molecules, such as steric hindrance and the repulsion of long alkyl chains [60] which was also the reason of taking out the last point in the graph (0.1 mM) from the fitting. Langmuir isotherms are based on certain assumptions such as monolayer adsorption and identical molecules without any lateral interaction. However, the Langmuir isotherm is the one with the best fitting to the experimental data and, as far as the system is following a Langmuir trend, helps to provide some insights in the way the molecules are adsorbed on the metal surface. 
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The roughness (R a ) of the stainless steel surface was determined (Table 4 ) from the VK Analyzer based on micrographs taken using confocal laser scanning microscopy. The inhibited steel surface is smoother than the uninhibited surface indicating that the presence of a protective layer of adsorbed molecules reduces corrosion attack and in turn, the rate of corrosion of stainless steel in 3 M HCl.
Conclusion
The studied gemini surfactants with 3-azamethyl pentamethylene spacer are good inhibitors, 
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A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T Figure 6 . The equivalent circuit for the studied system.
A C C E P T E D M A N U S C R I P T Figure 7 . The evolution of charge transfer resistance with the time plots for tested gemini surfactants.
A C C E P T E D M A N U S C R I P T Figure 8 . Langmuir isotherm adsorption model of 3N-12 and 3N-18 for stainless steel i 3M HCl.
A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T Table 4 . The roughness of the stainless steel samples before and after (24 hours) immersion in 3 M HCl without and with tested corrosion inhibitors (the most efficient concentration). 
